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Abstract
Stabilization of optical sources are becoming more important in high precision measurements.
Whispering gallery mode resonators are an ideal candidate for a cavity to stabilize laser
diodes. Imperfections in the resonator act as scattering centers and reflect resonant modes,
which allows the self-injection locking of the laser diode.
The work presented here studies the effect of optical feedback on distributed feedback
and Fabry-Perot lasers by looking at the linewidth and stability. The resonator was fabri-
cated from a lithium niobate crystal, which the quality factor was measured at 6.92 × 107.
Linewidth was measured with two different self-heterodyne methods, both using an acousto-
optic modulator of 100 MHz to induce a frequency shift. The first regime was the traditional
method where the unmodified beam is delayed by a significant path length. The second
was a modified method which recycles a portion of the heterodyne through the delay and
acousto-optic modulator. This effectively increases the delay length by creating integer mul-
tiples of the beat frequency. The linewidth of the distributed feedback laser was measured
has decreased from 63.9 kHz to 10 kHz with the feedback.
Stability of the Fabry-Perot laser was measured by calculating the Allan deviation. The
Fabry-Perot laser was mixed with a reference ECDL with some offset frequency and the
beat signal from the photodector was analysed by an oscilloscope. The Allan deviation was
caculated by performing a fast Fourier transform at different averaging times. The Allan
deviation of the Fabry-Perot laser decreased from 6022 Hz to 4089 Hz at the averaging time
of 0.1 ms. Furthermore, the linewidth was calculated at the same averaging time, which
decreased from 37.3 kHz to 33.2 kHz.
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1.1 Context and Motivation
A whispering gallery is a circular structure where a whispers of a person could heard by
another at the walls of the structure while silent to any intermediate positions. The phe-
nomenon was first observed at St Paul’s cathedral and studied by Lord Rayleigh in 1878.
It was explained that acoustic waves of certain frequencies are specularly reflected and con-
structively interfere at the edges (Fig 1.1 left). The same effect occurs with electromagnetic
waves [1] with optical resonators. Inside the resonators, the light is reflected at the surface
due to total internal reflection (Fig 1.1 right). This can be achieved by coupling the light
into the resonator with a prism via frustrated total internal reflection.
Figure 1.1: (Left) Acoustic waves in the St Paul’s cathedral [2]. Red and blue represent high and low pressures
respectively. (Right) A Stationary Fluorescence Pattern represents the intensity of interfering traveling light
waves in a carefully selected combination of WGM modes in a microsphere optical resonator [3].
These optical resonators are called whispering gallery mode resonators (WGMRs) which
have optical features such as high field confinement of wide spectrum of wavelengths. The
confinement of fields leads to high intensities of various wavelenghts inside the resonator,
which satisfies the conditions for non-linear effects. This can be used to generate an optical
frequency combs (OFC) [4]. The OFCs are light sources whose spectral profile consists of
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many different frequencies at equal intervals in the optical domain [5]. They have myriad of
uses including high-capacity data transfer, absorption spectroscopy, and precision measure-
ments [6]. Conventional OFC generation methods are based on third order Kerr nonlinear
four wave mixing effect [7–9], or electro-optic modulation (EOM) [10].
The third order Kerr nonlinear four wave mixing (FWM) effect takes two high powered
continuous wave lasers in a monolithic optical resonators where the photons undergo fre-
quency conversions to produce new frequencies that are equidistant. This method of OFC
generation requires two high powered lasers which draws a considerable amount of electrical
power.
EOM methods use a second order nonlinearity where two continuous waves (optical and
microwave ranges) are mixed in a nonlinear noncentrosymmetric crystal. These EOM based
comb generation methods have advantages such as tune-able central frequerncy and spacing
of the comb lines. However, these combs are limited by inherent phase instabilities and excess
multiplication of microwave phase noise.
The resonant optics lab in Otago University has successfully generated an OFC using the
second-order non-linearity in a lithium niobate (LiNbO3) WGMR instead of the conventional
methods [11]. This method uses two continuous waves in optical (carrier) and microwave
(modulator) range in a LiNbO3 WGMR where the generation process involves sum/difference
grequency generation. The two photons interact and cause the carrier photon to either lose
or gain energy equal to the microwave photon. This has advantages over the conventional
methods stated above as it requires much lower electrical power while providing stable phase
relationship between the comb lines. However, more could be done to improve this method
in regards to its efficiency and stability of the laser linewidth.
The stability of linewidth in lasers is crucial in numerous applications which require high
precision such as optical sensors, high resolution spectroscopy, as well as telecommunications.
While low-cost compact diode lasers nearly cover the entirety of the optical spectrum, their
linewidth stability does not provide sufficient precision for applications stated above. There
are several methods of stabilizing the linewidth of a laser however, they are often cumbersome
and sensitive to ambient environment. A method of stabilization which do not have these
drawbacks uses whispering gallery mode resonator (WGMR) as a facilitator for self-injection
locking [12]. Self-injection locking to WGMRs involves resonant Rayleigh back-scattering
due to inhomogeneities in the resonator [13]. The inhomogeneities cause a portion of the
incoming light that is resonant with the frequency of the WGMR to be reflected back into
the laser source. This causes very narrow optical feedback which significantly reduces the
linewidth. This technique was first demonstrated with fused silica spheres [14] which is used
for various types of lasers through efforts of OEwaves company [15] including distributed
feedback (DFB) lasers [16]. The work presented in this thesis aims to use the Rayleigh back-
scattering from WGMRs to stabilize a 1550nm diode laser instead of a pump laser which




2.1 Optical Whispering Gallery Mode
2.1.1 Coupling light into a resonator
A WGMR is usually fabricated with a dielectric material with refractive index (n) greater
than its surrounding [17]. Light can be coupled into a resonator with a prism via frustrated
total internal reflection (FTIR) method. FTIR uses evanescent waves from the prism where
the waves enter the resonator when the prism is brought within few wavelengths. Once the
light enters the resonator at a critical angle, incident light undergoes total internal reflection
and is guided along the edge of the resonator (Fig 2.1).
few wavelengths
Figure 2.1: (left) Light incident on a prism is coupled into a WGMR where the light is guided in a circular
path along the edge of the resonator. (right) Evanescent waves from the prism enters the resonator and exits
in a similar fashion.
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The evanescent wave decays as it travels across the gap. However, the amplitude of the
wave is still significant and the waves will constructively interfere along the edges of the
resonator where the waves are in-phase. To demonstrate, consider the contact point between











Figure 2.2: Incident, reflected and transmitted wave vectors (kI,kR, and kT respectively) in prism-resonator
interface where n1 > n2.
The electric field (E) of a sinusoidal plane wave has the form
Eke
i(k·r−ωt).




Suppose l is a component of r in the direction of kT, then the equation (2.1) can be written
as EkTe
i(kTl−ωt). For the argument in the exponential to be constant, l must increase at the
rate of ω
kT
which is the phase velocity. This also equals c
n2
where c is the speed of light in








is the wavenumber in vacuum. Using this result, the wave vector for the
transmitted wave (kT ) is given by,
kT = n2k0(x̂ sin θT + ŷ cos θT),
taking the dot product with the position vector (r) and using the Snell’s law gives,
kT · r = k0(n1x sin θT + n2y cos θT).
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Hence the equation (2.1) becomes,
ET = EkTe
i(k0(n1x sin θT+n2y cos θT)−ωt). (2.2)
The angle θT does not exist for total internal reflection. However if cos θT is allowed to be
a complex number, the equation (2.2) can be interpreted for an evanescent wave. Rewriting
the cos θT in terms of sin θT and then in terms of sin θI gives,
cos θT =
√








For values of θI greater than the critical angle, the value under the square root sign is below
zero,





sin2 θI − 1,





2 θI−n22ei((n1k0 sin θI)x−ωt) = EkTe
−κyei(kxx−ωt). (2.3)
Where κ = k0
√
n21 sin
2 θI − n22 and kx = n1k0 sin θI. The equation (2.3) shows that the
evanescent waves exponentially decays as it the decreases y-direction to the distance d = κ−1
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sin2 θI − 1
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The penetration depth grows without limit as θI approaches the critical angle as expected.
When θI is below the critical angle, uniform plane wave is transmitted into the resonator.
Loss is always present in a physical resonator. Intrinsic and coupling loss rates are defined
as γ′ and γ respectively, hence the total loss rate Γ = γ′ + γ. At critical coupling (γ′ = γ),
the number of photons in the resonator is at maximum. The coupling rate can be adjusted
by changing the distance between the prism and WGMR which allows over (γ < γ′) or under
(γ > γ′) coupling of the resonator. The total loss rate is also related to the lifetime of photons
in the resonator as τp =
1
2Γ
as the rates are defined for the field. The quality factor of the
resonator is given by Q = ωτp where ω is the resonant frequency of the resonator. The free







where c is the speed of light, R is the radius of the resonator and n is the refractive index of
the resonator. For large resonators, the argument that an integer number (m) of wavelength
fit into the optical path length λ0 =
2πnR
m




the wavenumber in free space k0 =
ω
c
may be a good approximation. However, it does not
take the geometric dispersion seen in a three dimensional WGM into account. To find better
expressions for WGMRs, the Helmholtz equation needs to be considered with the boundary
conditions given by the geometry. In a toroidal coordinate system as shown in the figure 2.3,
the scalar fields inside and outside of the resonator are expressed as the following [18, 19],


























exp (−κ (ρ− ρ′)) eimϕ if ρ > ρ′.
(2.4)
where f ηm,q(ρ), θm and um are defined as,
f ηm,q(ρ) =
(














Here, αq is the q-root of the Airy function (Ai(−αq) = 0), R̃η = Rη + ∆′η is the effective









Figure 2.3: The geometry of resonator. R and r are major and minor radii of the resonator respectively. The
position of the mode is shown by the red dot.
In the equation (2.4), r(ρ, φ, θ) is the position relative to the toroidal coordinates origin,
ρ and θ are the distance and polar angle relative to the center of curvature of the rim
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respectively, ρ′ is the lateral radius of the resonator η is the polarization index parallel
(TE) and orthogonal (TM) to the symmetry axis, κη = k0
√
n2η − 1 is the evanescent decay
constant, q = {1, 2...} is the radial number corresponding to the number of maximum electric
field intensity along the r̂ axis, p = {0, 1...} is the polar number, m = {1, 2...} is the azimuthal
number representing the number of maximum electric field along the ϕ̂ direction. Hp is the
p-th degree Hermite polynomial which determines the lateral mode profile. The Airy function
determines the radial distribution of the electric field in the resonator. E0 is the normalization
constant and E ′η is the evanescent field amplitude given by the boundary conditions according
to each polarization. The equations above give an account for the spatial description of the
field, to find the spectral resonance positions, the following dispersion relation can be used























































Here, l = p + |m| and ζ = 1 for TE and ζ = n−2 for TM modes. The first part relates to
the standard Fabry-Perot equation and the higher order contributions take the effects of the
geometry into account. The optical FSR between modes of the same family p, q will remain
constant for several GHz but there is a small dispersion contribution coming from the l1/3





2.1.2 The quality factor
Quality factor (Q-factor) and Finesse are the most common ways to describe the properties of
a WGM resonator, which directly corresponds to the lifetime of photons inside the resonator.





where F is the Finesse, D is the resonator circumference and λ is the wavelength of the light.
It is also related to the free spectral range (FSR) and the linewidth of the resonant modes
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where ∆λ is the linewidth of the mode. The Q-factor can also be used to determine the








Here ν0 and λ0 are the resonant frequency and wavelength. To stabilize a laser, a resonator
with high Q-factor is desirable.
Another way to interpret Q-factor is finding the ratio between energy stored and lost in








where Estored is the energy stored in the resonator per cycle, Eloss is the energy lost per cycle,
trt is the round trip time and I is the relative energy loss per round trip. The equation (2.9)
provides more intuitive view of the Q-factor and shows that WGM resonators fabricated from
low loss materials lead to high Q-factor, hence prolonged photon confinement.
2.1.3 Laser Linewidth
Narrow linewidth lasers are used in many different fields such as spectroscopy, metrology
and communications [23–25]. It is possible to produce single mode lasers but they also
have some finite linewidth. Diode lasers typically emit in multi mode unless they have an
internal mechanism to selectively filter for a certain frequency or an external feedback from
an grating such as DFB and external cavity. While these methods provide fairly narrow
linewidths, further stabilization is necessary to ensure the linewidth does not drift. There
are various techniques to achieve mode stability. Locking the laser to an atomic transition
of a gas cell is commonly used [26]. Whispering gallery resonators can be used to lock the
laser via self-injection locking mechanism [16, 27].
2.1.4 Rayleigh Scattering
Rayleigh scattering is a phenomenon where light is incident on a particle (scattering center)
that is smaller than the wavelength and the light is scattered due to electric polarizability of
the particles. The electric field of the light causes the charges within the particle to oscillate
at the same frequency, hence the particle effectively becomes a dipole whose radiation has
the same frequency of the incoming light. The size of scattering center is often described by






where r is the characteristic length and λ is the wavelength of the light. Rayleigh scattering
occurs when the ratio is much less than unity (x 1) and the intensity of the scattered light
is given by the following [28],
I = I0













where θ is the scattering angle, R is the distance to the particle, d is the diameter of the
scattering center and n is the refractive index of the scattering center. The Rayleigh scattering
can also occur in optical resonators which have impurities that act as scattering centers.
2.1.5 Self Injection Locking
In a WGMR, only the light scattering at the critical angle that satisfies the Snell’s law for
total internal reflection (n1 sin θ1 = n2) will constructively interfere. This would mean that a
portion of the scattered light to be reflected back to the source (Fig 2.4), resulting in optical
feedback in the laser diode. The optical feedback is not desirable for tunable lasers such as
external cavity diode lasers (ECDLs) as the scattering centers act as an additional cavity.
However, it can be used as a injection locking mechanism for a distributed feedback lasers
(DFB) which have fiber Bragg grating. An optical feedback to a DFB laser has an effect of
reducing the linewidth of the laser [12].
Scattering
Center
Figure 2.4: Part of the light incident on a scattering center is reflected back to the source (blue) which occurs





3.1.1 Distributed Feedback Laser
Distributed feedback laser (DFB) lasers use a diffraction grating above the active region to
facilitate resonance and oscillation in the cavity as shown in Fig 3.1. The grating acts as a










Figure 3.1: Typical structure of DFB laser cavity. The diffraction grating selectively reflects light with Bragg
wavelength. The high reflectivity and anti-reflection coatings ensure only the single lasing mode is reflected
by the grating.
Photons are emitted from the active region that is composed of semiconductor when
current is applied through P-type to N-type electrodes. The diffraction grating provides a
periodic variation in refractive index acting like a reflector which reflects only the photons
of Bragg wavelength back into the active region. To prevent more than one longitudinal
(degenerate) modes from being excited, high reflectivity coating is used to induce a phase
shift between the grating and reflector, resulting in resonance in the center of the bandwidth.
The anti-reflection coating ensures that the source of feedback is the grating itself. This
structure allows high gain of the lasing modes near the Bragg wavelength while other modes
are suppressed as shown in figures 3.2 and 3.3.
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Figure 3.2: Emission spectrum of the DFB diode measured by the Finisar WaveAnalyser.
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Figure 3.3: Close up of the emission spectrum. The central peak is at 193.6196 THz with secondary lobes at
0.005 THz above and below the central frequency.
The DFB laser diode used in the experiment is a 14-pin butterfly diode from Q-photonics
(QDFBLD-1550-5-1) which is mounted on a Thorlabs LM14S2 laser mount 1. The specifica-
tion of the diode gives the threshold diode current of 11 mA and maximum operating current
of 40 mA with a typical spectrum linewidth of 1 MHz. For the purpose of this experiment, the
internal isolator would block the back scattering hence the diode was manufactured without
the isolator. The laser has been characterised for its frequency response to diode temperature
and current.
1An electrical fault in the mount was discovered during the measurement which damaged two of the diodes. Hence DFB
laser is omitted in some measurements.
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Figure 3.4: Frequency of the DFB laser output for varying amount of current through the diode. The
frequency changes by 870 MHzmA .
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Figure 3.5: Frequency of the DFB laser output for different diode temperature. The frequency changes by
11 GHzC−1.
3.1.2 External Cavity Diode Laser
External cavity diode lasers (ECDL) use a diffraction grating to choose the wavelength of
the laser. There are two common configurations for ECDLs, which are Littrow and Littman-
Metcalf configurations (Fig 3.6). The Littrow configuration has a diffraction grating which is
used as a mirror. The grating reflects the zero order diffraction back into the diode to form
an extended cavity and narrows the linewidth [29]. The angle of the grating can be adjusted
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to scan over a range of wavelengths. The Littman-Metcalf configuration has the grating and
another mirror to provide the feedback. The grating oriented at a fixed angle and the mirror
can be rotated to tune the wavelength. Two ECDLs were used in the experiment, old DL100








Figure 3.6: Basic schematic for external cavity diode lasers. (Top) Littrow Configuration (Bottom) Littman-
Metcalf configuration.
The optical feedback within the cavity suppresses the higher order emissions as shown in
the figures 3.7 and 3.8.
Frequency (THz)

















Figure 3.7: Emission spectrum of the DLC pro measured with the Finisar waveanalyser.
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Figure 3.8: Close up the emission spectrum of the DLC pro measured on Finisar waveanalyser. Higher order
emission are suppressed by upto 30 dB. The spacing between the peaks are 0.004 THz which corresponds to
3.75 cm and could be the distance between the diode and the grating.
3.1.3 Fabry-Perot diode laser
Fabry-Perot diodes have the active region between between two semiconductor to form a
cavity similar to the DFB diodes. However, Fabry-Perot diodes lack the diffraction grating
hence the mechanism of laser emission is different. Current flows from the p-type to n-type
semiconductor which generates the initial light which travels perpendicular to the current
flow. As shown in the figure 3.9, the two mirrors at each end reflect the light within the
cavity and amplify the light. The reflected light has its phase at 180 degrees relative to the
incident light, forming a standing wave in the cavity. If the frequency of the light does not
satisfy the condition for a standing wave, the light is not emitted. The difference in the













Figure 3.9: Structure of a Fabry-Perot laser diode. Only the light with frequency which satisfies the standing
wave condition (L = n2λ) are emitted.
This would mean the cavity allows any frequency as long as it satisfies the condition
L = n
2
λ. However, the gain of each frequency is different due to the mode competition, so
the emission spectra of the diode follows the gain curve of the medium. Hence only the light
with frequency whose gain is greater than the loss will be emitted as shown in figure 3.10.
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Figure 3.10: Spectrum of the light emitted by the Fabry-Perot diode each peak are separated by 144 GHz
which corresponds to a cavity length of 1.04 mm.
The diode used in the experiment was a QFLD-1550-10SAX fibre coupled diode mounted
on a Thorlabs LDM21 laser mount. The free spectral range of the diode was 144 GHz, which
gives its cavity length of 0.5 mm. The laser was characterized for its frequency response to
diode current. The optical power output of the diode increases linearly after the threshold
current of 13 mA at a rate of 0.121 mWmA−1. The frequency of the central mode decreases
by 990 MHz
mA
after the threshold current.
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Figure 3.11: Optical power of the Fabry Perot laser with varying diode current. The diode threshold is 13
mA.
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Figure 3.12: Frequency of the central mode with varying diode current. The frequency changes by 990 MHzmA
which changes more than the DFB laser by 120 MHzmA .
3.2 Whispering Gallery Mode Resonator
A WGM resonator fabricated from lithium niobate (LiNbO3) with a diameter of 4.45mm was
used in the experiment. To couple light into the resonator, a rutile prism mounted on a piezo
control was slowly moved to the resonator. Coupling spot was found using a fault locator
which emits red light. When light is critically coupled into the resonator, it would glow red
(figure 3.13).
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Figure 3.13: Resonator coupled with red light from a fault locator. The light is coupled with a rutile prism
into a resonator with a diameter of 4.45 mm.
To find the modes of the resonator, the light from ECDL (Toptica DLpro) was coupled
into the resonator. The out-coupled light is then fed into a photodetector. The scan control
of the ECDL makes small changes in the frequency of the light, if the frequency coincides
with a resonant mode, the light is confined within the resonator. This leads to a dip in
the photodetector signal. The signal of the resonant mode is then analysed using a phase
modulator. The phase modulator is driven at known frequency which introduces sidebands
about the mode frequency. The driving frequency is then reduced until the sidebands are
just distinguishable from the mode, which gives the estimation of the linewidth and hence












Figure 3.14: Sketch of frequency detuning of the probing laser. The sidebands are created by using a phase
modulator driven at a fixed frequency.
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3.3 Photodetection
3.3.1 Principle of Photodetection
Measuring the linewidth of a laser requires a photodetector. However, there are no photode-
tectors fast enough to directly measure the frequency in the order of terahertz. To circumvent
this problem, a heterodyne of two lasers can be used if the beatnote created by the frequency
difference is within the bandwidth of the photodetector. The beatnote of the heterodyne is
measured with a photodetector. A photodetector is composed of two semiconductors which
rely on the photo-electric effect to generate photo-currents [30]. Generation of photo currents
requires a semiconductor diode with a bandgap energy Ebg. As shown in Fig 3.15, when a
photon with energy hν > Ebg is incident on the diode, the photon is absorbed and electron-
hole pair is created. The efficiency of this conversion is dependent on the material, frequency
of the light and geometry of the detector. This is the quantum efficiency which is defined








Figure 3.15: Photo current generation in a photodetector. A photon with energy (hν) greater than the
bandgap energy (Ebg) is incident on the diode creating an electron-hole pair.
3.3.2 Delayed Self-Heterodyne Interferometry
Single Pass Heterodyne
A common method of measuring the linewidth of a laser is using the self-heterodyne of the
laser. This method was first published in 1980 [31] and uses a photodetector to measure the
beatnote created by mixing two beams from the same source. It relies on the premise that
the two beams from the same source will lose their coherence after traveling enough distance
because the phase is uncorrelated. The decoherence occurs if the path length difference
between two beams is greater than the coherence length. For a beam with Lorentzian profile,
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Where c is the speed of light in vacuum, n is the refractive index of the medium and ∆ν
is the linewidth of the laser. For a laser with a linewidth of 50 kHz, the coherence length
is about 1.9 km. In free space, this may be impractical to travel such a distance, however
optical fibers provide advantages of having a compact volume and higher refractive index
reduces the coherence length down to 1.3 km. The heterodyne is created by splitting the
laser into two paths as shown in Fig 3.16. One of the beams goes through a device such as
an acousto-optic modulator (AOM) to cause a frequency shift which can be expressed as,
E1 = EAOMe
−i[(ω+ω′)t+φ(t)],
where ω′ is the frequency shift caused by the AOM and φ(t) is the phase fluctuation. The
other beam goes through a delay line that is much longer than the coherence length of the
laser which can be expresssed as,
E2 = EDLe
−i[ω(t+τ)+φ(t+τ)],
where τ is the time difference between the two paths caused by the delay line. This creates
two lasers that are effectively uncorrelated with each other. Hence the heterodyne can be
expressed as a superpostion of two independent waves that is given as,
E = E1 + E2 = EAOMe
−i[(ω+ω′)t+φ(t)] + EDLe
−i[ω(t+τ)+φ(t+τ)]. (3.2)
The signal from the photodetector is dependent of the intensity of the heterodyne given as,
|E|2 =|E1 + E2|2
=|EAOM|2 + |EDL|2 + EAOMEDL(e−i(ω
′t−ωτ+φ(t+τ)−φ(t)) + ei(ω
′t−ωτ+φ(t+τ)−φ(t)))
=|EAOM|2 + |EDL|2 + 2EAOMEDL cos(ω′t− ωτ + φ(t+ τ)− φ(t)).
(3.3)
The first two terms, |EAOM|2 and |EDL|2 are DC terms which carry no information. The
argument of the cosine term has two frequency components which are the AOM and laser
frequencies. However, the ωτ does not change since length of the delay line is constant.












Figure 3.16: Basic schematic of the self-heterodyne detection method. The light is split into two paths. One
of the paths is sent to an AOM while the other is sent to the delay line. The two paths are combined and
the beatnote is incident on a photodetector which the signal is analysed by an ESA.
If the delay is shorter than the coherence length, the resulting signal will be a delta
function with some side lobes [32]. However, using a delay that is much longer than the
coherence length will ensure that the signal is a single Lorentzian peak with the combined
linewidth of the lasers. The signal from the photodetector can be described as a single delay
auto-correlation which is then processed by an electrical spectrum analyser (ESA). Hence all
of the frequency components in the signal are shifted by the AOM frequency (ω′) and the
linewidth of the signal is twice the linewidth of the laser output if the laser has a Lorentzian
profile [33], or a factor of
√
2 if Guassian profile [34].
ωAOM
Δν Δν 2 Δν
ωAOM
Figure 3.17: Sketch of the optical signal input at the photodetector (Left) and signal processed by the ESA
(Right) for two purely Lorentzian beams.
In an ideal condition where no noise is present, the beatnote signal would be purely
Lorentizian. However, the actual measured signal will be a mixture of the beatnote which
gives the Lorentzian profile and noise signal which gives the Gaussian profile. This results in
convolution of the two functions which gives the Voigt function hence the linewidth of the
21












Where νV , νL, and νG are the linewidth of the Voigt, Lorentzian and Gaussian profiles
respectively.
Multi-pass Heterodyne
The set up for the single pass self-heterodyne could be modified to effectively increase the
delay time without the use of longer fiber [36]. This is achieved by recirculating a portion
of the heterodyne back to the 50-50 divider. As shown in Fig 3.18, half of the heterodyne is
reciculated back to the loop. Each time the light travels through the AOM-delay loop, the











Figure 3.18: Half of the heterodyne is directed back to the loop. Each time the light travels through the
AOM-delay loop, new heterodyne with beatnote of lω′ where l is the number of times the light has circulated
through the loop.
In this configuration, the signal from the photodetector has beatnote frequencies of lω′
(l = 1, 2, 3...) produced by two beams with a time difference of lτ where l is the number
of circulations. The multi-passing method allows simultaneous observation of heterodyne
spectra at multiple delay times without changing the optical fiber length. This simplifies
the analysis of the beat spectra to estimate the linewidth of the laser if the delay line is
shorter than the coherence length of the laser. The beam incident on the photodetector is a























2 cos [lω′t− lωτ + φ(t− (m+ l)τ)− φ(t−mτ)].
(3.6)
Where α represents the loss rate through the fiber and AOM, |Edc| is the DC component.
The signal consists of self-heterodyne beatnote between the beams with the frequency of lω′.
3.3.3 Allan deviation
The stability of a frequency source such as an atomic clock or a laser can be described by
analysing how the frequency of the source varies over time. Typically this is found by using a
frequency counter which records the consecutive central frequencies of an electronic signal for
a given amount of time. Statistical analysis such as standard deviation could be performed
on the set frequencies, however this would not represent accurate values due to different types
of noise in the signal. Such noises include, but are not limited to; short term flicker noise
due to temperature fluctuations, phase noise and random frequency drift which diverge and
lead to inaccurate results. To identify the noises in the signal, the Allan deviation can be
calculated. Allan deviation which sometimes referred to as two sample variance, was first
introduced by David W. Allan in 1966 [37]. It was shown that by averaging at different time
periods in the signal, dominant noise sources can be identified at different time scales and






(fm+1 − fm)2. (3.7)
Where M is the number of frequencies in the set, τ is the averaging time and fm is the m-th
value in the set of frequencies. Once the deviation is calculated, another deviation can be





The resulting set of Allan deviations can be plotted, where the slope of the curve represents
the dominant noise source [38, 39].
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Figure 3.19: Typical plot of Allan deviation on log-log plot for different averaging times. The slope indicates
the corresponding noise type. Adapted from [39].
The figure 3.19 shows the noise types associated with the slope of the curve. The Allan
deviation decreases as the averaging time increases until it reaches the noise floor given by
the slope τ 0. After the noise floor, the Allan deviation increases as other noises start to
dominate.
The Allan deviation can be determined from an oscilloscope (Fig 3.21). The trace from a
photodetector is measured on an oscilloscope with 5×105 sample points which is then divided
into equal segments at a specific integration time. Fast Fourier transform (FFT) is performed
on each segments to find the central frequency in the signal. The Allan deviation is then
calculated with equation (3.7). Two lasers are mixed with a 50:50 coupler, the heterodyne
signal is then sent to the wave analyser and photodetector as shown in the figure 3.20. The
wave analyser scans the entire spectrum of the heterodyne from 191.15 to 196.35 THz, which
is used to determine approximate frequency of the beatnote. The frequency of the laser was
adjusted by changing the DFB diode current so that the beatnote frequency was within the









Figure 3.20: Set up to measure the Allan deviation from the oscilloscope.
t
v
f1 f2 fn... ... ...
Figure 3.21: Signal from a photodetector is measured with an oscilloscope. The data is then divided into equal
segments at a fixed time interval (τ) and perform FFT on each segment to find the frequency components.
3.4 Resonant Modes
3.4.1 Scanning the Frequency
To find the modes of the resonator, the frequency of the laser needs to be scanned over a small
range. For an ECDL, this can be done by adjusting the piezo actuator which controls the
diffraction grating or the mirror (Fig 3.6). Scanning the frequency in a DFB laser requires a
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slow external modulation of the current. As shown in figures 3.4 and 3.5, the frequency of the
laser changes with diode current and temperature. Directly varying the diode temperature
would allow a linear change in freqeuncy, but the temperature variation from the thermo-
electric control fluctuates about the set point. Furthermore, the Q-factor of the resonator is
in the order of 108, which corresponds to 1.94 MHz for linewidth of the modes. However,
the change in frequency over the change in temperature is approximately 10 GHzK−1, which
is too large to scan for modes. The temperature can be indirectly changed by varying the
current through the diode, which is accurate in the order of micro-amps. To provide a stable
AC current, SC 110 module from Toptica was used to modulate the diode.
Scanning the frequency of the laser sends a train of different frequencies to the resonator and




Figure 3.22: Basic set up to find the resonant modes.
Feedback from the resonator could also be detected at the same time by inserting a optical






Figure 3.23: An optical circulator is inserted between the resonator and the laser diode to detect the optical
feedback.
If a frequency coincides with a resonant mode, the beam is trapped in the resonator and
does not reach the photodetector, hence a dip is observed in the signal. the Q-factor of
the resonator can be found by introducing sidebands with a phase modulator. The mode
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and sidebands are recorded by an oscilloscope which allows calculation of the Q-factor of
the observed mode. The time difference between the mode and sideband can be used as a
























Figure 3.24: The WGM resonator is scanned with an ECDL. Resonant modes are recorded on an oscilloscope
(blue). Sidebands introduced at 30 MHz (red).
Because each measurement on the oscilloscope corresponds to a difference frequency on the
time scale. Dividing the sideband frequency by the time difference would give the frequency





Where νRF is the driving frequency of the phase modulator and ∆t is the time difference
between the mode and sideband measured on the oscilloscope. The value of F was calculated
to be 3.0235×1010Hzs−1. The linewidth (FWHM) of the mode can be determined using,
νFWHM = F∆tFWHM . (3.9)
Where ∆tFWHM is the linewidth of the mode on time scale. The linewidth of the mode
was calculated as 2.79 MHz at the mode frequency of 193.37 THz determined by the Wave
Analyser, which gives the total Q-factor of the resonator as 6.92×107 using the equation
(2.8). If the mode is back scattered, it will travel back towards the source and be redirected
by the circulator. In this case, a peak will be observed in the signal at the same place of the
dip shown by the figure 3.25.
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Figure 3.25: Oscilloscope recording of the resonant mode (blue) and the reflection of the mode(red). Side-
bands were removed so that the reflection can be observed more clearly. The reflection signal has been offset
by +100mV for better comparison
Using the same procedure as above, the linewidth was determined to be 1.60 MHz. The
amplitude of the mode was 0.099 V which gives the coupling efficiency of 0.43. The amplitude
of the reflection was 0.0073 V
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Chapter 4
Effect of Optical Feedback
4.1 Mode Locking of a Resonator
The frequency of the laser changes linearly with the diode current according to the figures
3.4 and 3.12. Hence the frequency of the Fabry-Perot and DFB lasers were modulated with
the feed forward function from the Toptica scan control. The scan control sends a triangular
signal so the diode current changes from I0− 12Imod to I0 +
1
2
Imod where Imod is the amplitude






Figure 4.1: Set up to scan for the modes with the Fabry-Perot diode.
The out-coupled beam from the resonator was coupled into a fibre using a Ferrule con-
nector. For the most efficient fiber coupling, the GRIN lens ends of the Ferrule connector is
kept symmetrical about the prism as shown in the figure 4.2.
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Figure 4.2: Collecting the out-coupled beam from the resonator into a Ferrule connector.
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Figure 4.3: Oscilloscope trace of the mode scanning with Fabry-Perot laser. The diode current is modulated
such that the current ranges from I0 − 12Imod to I0 +
1
2Imod. Mode broadening from 0.53 ms to 2.48 ms
was observed with the optical feedback. Temperature changes in the resonator and detuning of the laser
frequency cause abrupt uncoupling of the mode.
The figure 4.3 shows the oscilloscope trace of the Fabry-Perot laser1. When the optical
feedback is allowed, the width of the mode increased from 0.53 ms to 2.48 ms which suggests
that the diode stays locked to a resonant mode. The abrupt uncoupling of the mode is
due to the temperature change of the resonator. As the light is coupled into the resonator,
the temperature of the resonator increases along with the continuous scanning of the laser
detunes the frequency too far away from the mode leading to sudden uncoupling from the
resonator [40].
1In this measurement, we were not able to exactly measure the extent which the frequency changed, but we estimated that
it was in the order of 500 MHz for each scan
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Figure 4.4: Spectrum profile of the Fabry-Perot laser without feedback (top) and without feedback (bottom).
Upto 20 dB suppression is observed for non-resonant modes.
4.2 Laser Linewidth
4.2.1 Single Pass Heterodyne
Self-heterodyne interferometry was used to determine the linewidth of the DFB and ECDL
lasers in the single pass regime with a delay of 50 km and the acousto-optic modulation of
100 MHz. An optical circulator was placed between the diode and the resonator to prevent
the feedback for comparison. The data from the electrical spectrum analyser (ESA) was first
plotted as in a log scale as shown in the figures 4.5, 4.6, and 4.7. Then it was converted linear
scale and normalized to fit the Lorentzian curve as shown in figures 4.8, 4.9, and 4.10. To find
the linewidth of the laser, Voigt profiles were fitted onto the signal and the Voigt linewidth
were found using the equation (3.4). The linewidths of the signal are 13 kHz, 9.5 kHz and
12 kHz for DFB laser without feedback, ECDL, and DFB laser with feedback respectively.
The measured linewidths greatly differ from the value given by the specifications and the
linewidths of the DFB laser does not significantly change in presence of the feedback. This
















Figure 4.5: ESA trace of the DFB laser without feedback.
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Figure 4.6: ESA trace of the ECDL.
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Figure 4.7: ESA trace of the DFB laser with feedback.
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Figure 4.8: Voigt fit of the normalized trace for the DFB laser without feedback.
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Figure 4.9: Voigt fit of the normalized trace of the ECDL.
Frequency (MHz)




















Figure 4.10: Voigt fit of the normalized trace for the DFB laser with feedback.
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4.2.2 Multi Pass Heterodyne
If the delay is shorter than the coherence length, the two beams are considered correlated.
Hence the beat signal includes the low frequency noise [41] which reduces the observed
linewidth. Coherence length and the linewidths of DFB and ECDL were measured using
the multi pass regime. Two 25 km spools were available, hence delay lengths of 25 km, 50
km, 75 km were made with a single spool for beatnote frequencies at 100 MHz, 200 MHz,
and 300 MHz respectively. Greater delay lengths of 100 km, and 150 km were made with
both spools for beatnote frequencies at 200 MHz and 300 MHz respectively. Delays lengths
greater than 200 km were not used as the beatnote frequency from those delay lengths were
greater than the bandwidth of the photodetector. The linewidths were measured the same
method as the single pass regime. The linewidths of the DFB laser increases until the delay
length is greater than 75 km which stabilizes at 22.5 kHz. The linewidth of the DLC pro
stabilizes after 75 km at 11.0 kHz. THe linewidth of the DLC pro laser agrees with the 10
kHz given by the manufacturer. The linewidths of the DFB are much narrow compared to
the 1 MHz given by the manufacturer which is due to the leakage in the circulator causing a
feedback.
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Figure 4.11: Linewidths measured from multi pass self-heterodyne beatnote measurement. All values were
measured at 10 kHz resolution bandwidth in the ESA.
The linewidth of 1 MHz for the DFB laser corresponds to the coherence length of 214 m
using the equation 3.1. However, the figure 4.11 shows that the coherence length of the DFB
laser is 75 km which greatly differs from the 214 m. This may be due to the phase noise in
the laser which is amplified as the light recycles through the delay line [42]. Furthermore,
The DFB laser was coupled into a resonator to study the effect of feedback. To control the
feedback from the resonator, a circulator is placed to divert any optical feedback into the












Figure 4.12: Set up of the multipass heterodyne regime with a WGMR
According to the figure 4.11, the coherence length for the DFB laser is greater than 75km,
so the linewidth was measured with 100 km delay at the beatnote frequency of 200 MHz.
The linewidth of the DFB laser was 63.9 ± 0.6 kHz without any feedback. The linewidth
reduces to 10 ± 0.2 kHz with feedback.
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DFB WGMR coupled without feedback
Figure 4.13: ESA trace of the DFB laser coupled to a WGMR without feedback.
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DFB WGMR coupled with feedback
Figure 4.14: ESA trace of the DFB laser coupled to a WGMR with feedback.
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DFB WGMR coupled without feedback
Figure 4.15: Voigt profile of the DFB laser (red) coupled to a WGMR without feedback.
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DFB WGMR coupled with feedback
Figure 4.16: Voigt profile of the DFB laser (red) coupled to a WGMR with feedback.
4.3 Allan Deviation
Allan deviation was measured by mixing the Fabry-Perot laser with the ECDL. The het-
erodyne was analysed with an optical spectrum analyser and electrical spectrum analyser
simultaneously as shown in the figure 3.20. For studying the effect of feedback, the resonator
was placed between the FP diode and the 2x2 coupler as shown in figure 4.17. For compari-










Figure 4.17: Set up to measure the Allan deviation of the heterodyne. Circulator is placed to control the
feedback from the resonator.
The photodetector measures the beatnote between the two optical sources, which is mea-
sured on an oscilloscope as a sinusoidal wave.
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Figure 4.18: Typical sinusoidal beatnote trace of two lasers measured on an oscilloscope. The trace is taken
for a beatnote frequency of approximately 100 MHz.
The beatnote signal was measured on an oscilloscope for up to 10 ms. The trace is
divided into equal sized segments which corresponds to the averaging time (τ). Frequency





























Figure 4.19: Typical spectrum composition of the FFT performed on each segment.
The Allan deviation was found using the equation (3.7) where fm and fm+1 are the fre-
quencies with the highest amplitude in the figure 4.19. This was repeated by changing the




































Figure 4.20: Allan deviation for varying observation time as the DLC pro as the reference source.
Comparing the figure 4.20 to the figure 3.19, Allan deviations at the noise floor for ECDL,
Fabry-Perot laser without feedback and with feedback were found and recorded in the table
4.1. The Allan deviation for the FP laser decreases from 6000 Hz to 4100 Hz while the
averaging time increases from 0.13 ms to 0.15 ms with feedback.
Averaging time (ms) Allan deviation (Hz) Error (Hz)
ECDL 0.24 9400 1200
FP without feedback 0.15 6000 470
FP with feedback 0.13 4100 340
Table 4.1: Table of Allan deviation for different laser diodes at the noise floor region. All three were mixed
with the DLC pro laser as a reference.
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By knowing the averaging time for the noise floor, linewidth of the laser could be deter-
mined. The Allan deviation is a measure of frequency stability, so it can be interpreted as
a spectral content of the laser over a given time interval which gives an accurate description
of long term frequency variation [43]. To find the linewidth of the laser, FFT was performed
on the oscilloscope trace from the heterodyne with averaging time corresponding to the noise
floor. Each peak in the figure 4.19 represents a spectrum measurement of a heterodyne be-
tween two optical sources. The FFT product is a convolution of two Lorentzian functions
which also results in a Lorentzian function with a linewidth that is the sum of individual
linewidths. At the averaging time of the noise floor, the linewidth should be the most narrow
as the signal contains the least amount of noise. Hence the linewidth of the beam was also
found at two other averaging times; short averaging time in the order of microseconds and
full averaging time of 10 ms.
×10
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ECDL (τ  = 1.497 µs)
Figure 4.21: Frequency components of the ECDL for an averaging time of 1.487 µs.
Frequency (Hz) ×107

























ECDL (τ  = 270 µs)
Figure 4.22: Frequency components of the ECDL for an averaging time of 270 µs.
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FP laser w/o feedback (τ  = 2.626 µs)
Figure 4.23: Frequency components of the FP laser without feedback for an averaging time of 2.626 µs.
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FE laser w/o feedback (τ  = 131.5 µs)
Figure 4.24: Frequency components of the FP laser without feedback for an averaging time of 131.5 µs.
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FP laser w/ feedback (τ  = 2.626 µs)
Figure 4.25: Frequency components of the FP laser with feedback for an averaging time of 2.626 µs.
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FP laser w/ feedback (τ  = 131.5 µs)
Figure 4.26: Frequency components of the FP laser with feedback for an averaging time of 131.5 µs.
Linewidths from the figures 4.21, 4.22, 4.23, 4.24, 4.25, and 4.26 were 2.69 MHz, 31.5
kHz, 1.52 MHz, 37.3 kHz, 1.52 MHz, and 33.2 kHz respectively. For full averaging time, the
linewidths were 45.3 kHz, 95.1 kHz and 53.7 kHz for ECDL, FP laser without feedback and
FP laser with feedback respectively.
Short Noise Floor Full
ECDL 2.7 ± 0.3 MHz 31.5 ± 4.2 kHz 45.3 ± 1.0 kHz
FP without feedback 1.5 ± 0.2 MHz 37.3 ± 2.9 kHz 95.1 ± 2.3 kHz
FP with feedback 1.5 ± 0.2 MHz 33.2 ± 2.6 kHz 53.7 ± 0.3 kHz
Table 4.2: Table of linewidths for different laser diodes at different averaging time. All three lasers were





An experiment was carried out to study the effects of optical feedback from a whispering
gallery mode resonator (WGMR) on distributed feedback (DFB) and Fabry-Perot (FP) lasers.
Imperfections in the resonators act as a scattering center which reflect resonant modes back
to the source which allows the diode to lock to the resonant mode. This has an effect of
stabilizing the laser which was quantified by measuring the linewidth and Allan deviation.
The reflection of mode from the resonator was observed with ECDL and FP laser. With
the ECDL, the Q-factor of the resonator was measured at 6.92×107. The effect of feedback
was observed in the FP laser. When the feedback is sent back to the source, width of the
mode has increased from 0.53 ms to 2.48 ms which would indicate the increased mode locking
of the diode.
The linewidth and stability of the DFB and FP lasers were measured with and without
the reflection from the resonator and compared to an external cavity diode laser (ECDL). For
the DFB laser, the linewidth was measured using the delayed self-heterodyne interferometry
with 100 MHz acousto-optic modulator (AOM). In the single pass regime with a 50 km
delay, the linewidths of the DFB laser were 13 kHz without feedback and 12 kHz without
feedback. The insignificant reduction in the linewidth suggested that the circulator had a
leakage which caused a feedback. This resulted in measured linewidth to be much smaller
than the specification value of 1 MHz. To find the coherence length of the laser, greater delay
lengths were required. Hence the multi-pass regime was used by recycling the heterodyne
through the delay line and the AOM. In this regime, a linear increase in the linewidth of the
DFB laser was observed until the delay is greater than 75 km. However, this could be due
to the phase noise in the DFB laser that is amplified as the heterodyne is recycled through
the delay. The linewidth of the heterodyne measured without feedback was 63.9 kHz which
reduces to 10 kHz with feedback.
Allan deviation of FP laser was calculated by mixing with the ECDL. The oscilloscope
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trace was divided into equal segments which corresponds to averaging times. Fast Fourier
transform (FFT) was performed on each segment to find the frequency spectrum and the
Allan deviation was calculated from the set of frequencies. Without the feedback, the Allan
deviation was 6022 Hz with an averaging time of 0.1534 ms. When the feedback is enabled,
the Allan deviation decreased to 4089 Hz with an averaging time of 0.1315 ms. This suggests
that the diode locks to the resonant mode for longer which agrees with the increased width
of the mode while scanning.
The linewidh was also calculated from the FFT. Because the heterodyne is a convolution
of two Lorentzian curves, the resulting signal is also a Lorenztian where the full width at
half maximum (FWHM) is the sum of the linewidth of individual laser. Depending on the
averaging time, the FFT includes different type of noise at a varying degree. At the averaging
time of the noise floor, the FFT includes the least amount of noise, so the linewidth is the
most accurate. At the shortest averaging time, the linewidths were 2.69 MHz, 1.52 MHz and
1.51 MHz for ECDL, FP laser without and with feedback respectively. When the FFT is
performed at the averaging time of noise floor, the linewidth decreases to 31.5 kHz, 39.3 kHz,
and 33.2 kHz respectively for ECDL, FP laser without and with feedback.
In conclusion, defects in the WGMR acts as a scattering center which causes optical
feedback of a resonant mode. The feedback has an effect of stabilizing the DFB and FP
diodes by providing the cavity that can be accurately locked to the mode. This results in
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